This study investigated developmental changes in Na+-H+ exchange and HC03--C1-exchange activities in newborn and adult rabbit hearts. pH; was measured using the fluorescent dye 2',7'-bis(2-carboxyethyl)-5(6)-carboxyfluorescein in isolated myocytes. Myocardial mechanical function was measured in the isolated ventricular preparation. Intracellular acidosis with normal pH. was induced by an NH4C1 (10 mM) prepulse technique. Upon removal of NH4C1, pHi fell transiently and then recovered toward the control level. In the HCO3-/C02-buffered solution, the rate of recovery of pH; in the newborn was greater than in the adult. In the HC03-/C02-buffered solution, 5-(N-ethyl-N-isopropyl)amiloride (EIPA), an inhibitor of Na+-H+ exchange, inhibited the recovery of pHi completely in the adult. In the newborn, however, significant recovery of pHi was observed in the presence of EIPA. In the presence of both EIPA and 4-acetamido-4'-isothiocyanatostilbene-2',2'-disulfonic acid (SITS), an inhibitor of HCO3 -Cl exchange, the recovery of pH1 was not observed in the two age groups. In the HEPES-buffered solution that did not contain HCO3-/C02, the rate of recovery of pH1 after NH4C1 removal was similar in the two age groups. In the HEPES-buffered solution, the recovery of pH1 was completely inhibited by EIPA in the two age groups. In the presence of EIPA in the HCO3 /C02-buffered solution, contractile function decreased during acidosis after NH4C1 removal and did not recover in the adult. In the newborn, significant recovery of contractile function was observed after NH4C1 removal in the presence of EIPA. The recovery of mechanical function observed in the presence of EIPA in the newborn was inhibited by SITS. These data suggest that, although there is no developmental change in the Na+-H+ exchange activity, HCO3 -Cl exchange is more active in the premature myocardium. The presence of the HC03--Clexchanger is important in maintaining myocardial contractile function during acidosis, especially when Na+-H+ exchange is inhibited and may partly explain the greater resistance of the premature myocardium to acidosis. (Circulation Research 1992;71:1314-1323 KEY WORDS * intracellular pH * adult myocytes * newborn myocytes * Na+-H+ exchange -HC03--Clexchange W e showed previously that the negative inotropic effect of respiratory acidosis was less in the newborn myocardium than in the mature myocardium.1 We also showed that the decrease in pHi during respiratory acidosis in the newborn was less than in the adult, suggesting greater intracellular buffer capacity in the premature myocardium.2 The mechanisms for the greater intracellular buffer capacity, however, remained uncertain. pHi is regulated by several mechanisms, including intracellular physicochemical buffer, Na+-H+ exchange, and HCO3--Cl-exchange.3 Developmental changes in Na+-H+ exchange and HCO3--Cl-exchange activities have not been studied in the intact muscle preparation or isolated myocytes. Therefore, this study was designed to determine developmental changes in Na+-H+ exchange and HCO3--Clexchange activities in the isolated single myocytes of newborn and adult rabbits. In this study, intracellular acidosis with normal pH, was induced using an NH4Cl prepulse technique to examine Na+-H+ exchange and HCO3--Clexchange activities. An intact heart preparation was also used to determine the physiological significance of the developmental changes in the intracellular buffer system.
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Materials and Methods
The experiments used newborn (3-5-day-old) and adult (4-8-month-old) New Zealand White rabbits. The animals were heparinized (15 units/100 g body wt i.v.) and killed by a sharp blow to the skull. The heart was then excised from the chest cavity and used immediately for the study.
Solution
The control Krebs-Henseleit solution contained (mM) NaCl 118, KCl 6, CaCl2 1.5, glucose 6, MgCl2 1, NaHCO3 24, and NaH2PO3 0.436. The solution was equilibrated with 95% 02-5% CO2 yielding a final pH of 7.38-7.42. The control HEPES buffer solution contained (mM) NaCl 142, CaCl2 1.5, MgCl2 1, KCl 5, HEPES 5, and glucose 6, pH 7.4. The HEPES solution was equilibrated with 100% 02. In the NH4Cl solution, NH4Cl (10 mM) was added to the control solution, and the final pH was 7.37-7.40. Respiratory acidosis was produced by equilibration with 80% 02-20% C02, and the perfusate pH was 6.80±0.01. The fluorescent dyes 2',7' -bis(2 -carboxyethyl)-5 (6)-carboxyfluorescein (BCECF) and BCECF AM were purchased from Dojin, Kumamoto, Japan. Dimethyl sulfoxide (DMSO) was purchased from Eastman Kodak Co., Rochester, N.Y. BCECF and BCECF AM were dissolved in DMSO to 1 mM. Nigericin (Calbiochem Corp., La Jolla, Calif.) was dissolved to 10 mM in N,N-dimethylformamide: ethanol, 3:1. Cremophor EL (Sigma Chemical Co., St. Louis, Mo.) was diluted to 25% with DMSO. 5-(N-Ethyl-Nisopropyl)amiloride (EIPA) was synthesized as described previously.4 4 -Acetamido-4'-isothiocyanatostilbene-2',2'-disulfonic acid (SITS) was purchased from Sigma.
Single Cell Preparation
Isolation of single cells was performed as described previously.2 In brief, the heart was perfused via the aorta with oxygenated calcium-free Krebs-Henseleit solution for 3 minutes (newborn) or 5 minutes (adult) and then perfused with calcium-free Krebs-Henseleit solution containing collagenase (500 units/mg, 50 mg/ 100 ml; Yakult, Tokyo) and hyaluronidase (295 units/ mg, 50 mg/100 ml, type I-S; Sigma) for 3-10 minutes at 37°C until it became flaccid. After the heart was perfused for 1 minute with calcium-free Krebs-Henseleit solution that did not contain enzymes, the left ventricular muscle was minced with scissors and suspended in a calcium-free HEPES buffer solution containing (mM) NaCl 142, MgCl2 1, KCl 5, HEPES 5, and glucose 6, pH 7.4. The cell suspension was centrifuged for 3 minutes at 100 rpm, and the cell pellet was suspended in a HEPESbuffered solution containing 2.5 mM BCECF AM. After 10 minutes, the suspension was centrifuged for 3 minutes at 100 rpm, and the resulting pellet was suspended in a HEPES-buffered solution containing 0.1 mM calcium. An aliquot of the cell suspension was placed on the glass coverslip, which was coated with laminin (1 ,,g/cm2, Sigma) and mounted on a microscope stage.
The oxygenated Krebs-Henseleit solution containing 1.5 mM calcium was introduced onto the coverslip using a polyethylene tube (2 mm i.d.), whose opening was within 3 mm from the cell that was observed, and the cell was superfused at a flow rate of 3 ml/min. The temperature of the solutions was maintained at 27°C, and the cell was stimulated electrically with platinum electrodes at 40 beats per minute, 1.5 times the threshold, with a 5-msec pulse duration. This temperature and stimulation rate were chosen because contractile function of the myocyte was more stable at 27°C than at 37°C under control conditions. Moreover, experiments using single cells and the ventricular preparation were performed under identical experimental conditions, so that the pHi data measured in the single cells can be correlated with the mechanical function data obtained in the ventricular preparation. A needle positioned on the coverslip, 2-3 mm from the cell, provided suction to remove fluid. The solution bathing the cell could be completely replaced in less than 5 seconds.
pHi Measurement
The fluorescence from the single cell was observed using a x40 objective. pHi was measured using the pH-sensitive dye BCECF as described previously.2 In brief, excitation lights of 439-and 490-nm wavelength were obtained alternatively using a xenon lamp (450 W), two monochrometers, and a chopper (SPEX Industries Inc., Edison, N.J.). The emitted light passed through a 530-nm band-pass filter, and its intensity was measured by a photomultiplier (model R928, Hamamatsu Photonics, Hamamatsu, Japan). The intensity of BCECF fluorescence was measured for 1 second at 5-second intervals. Autofluorescence was measured on myocytes from the same batch that were not loaded with the dye, and the BCECF fluorescence ratio was then calculated as follows: ratio=(fluorescence at 490 nm-autofluorescence at 490 nm)/(fluorescence at 439 nm-autofluorescence at 439 nm).
Calibration of BCECF Fluorescence Ratio
The relation between the fluorescence ratio and pHi was determined using myocytes loaded with BCECF AM as described previously.2 Myocytes were suspended in pH calibration solutions that contained 5 ,uM nigericin, 30 mM N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid, 1 mM MgCl2, 124 mM KCl, and 11 mM NaCl, and the pH was adjusted to 7.5, 7.1, 6.8, and 6.5 with 0.5N KOH. After the cells were allowed to equilibrate with pHo for 30 minutes, an aliquot of the cell suspension was placed in the tissue bath. After the cells settled to the bottom of the tissue bath, the fluorescence from single cells was measured.
Ventricular Preparation
Since shortening fraction of the newborn cell was less than that of the adult cell under control conditions2 and the cell shortening decreased further in the presence of NH4C1, it was difficult to measure shortening fraction during acidosis, especially in the newborn myocytes. Therefore, the effect of acidosis on mechanical function was determined in the isolated ventricular preparation. In the ventricular preparation, only the mechanical function was measured. In brief, the aorta was cannulated with a polyethylene cannula and perfused with oxygenated Krebs-Henseleit solution at a flow rate of 5 ml/g per minute. The atrial wall was cut open, and a suture was placed in the atrioventricular nodal region to block atrioventricular conduction. The heart was stimulated at 40 beats per minute, and its temperature was maintained at 27°C. A latex balloon was placed into the left ventricle via the left atrium. A fluid-filled polyethylene cannula was attached to the intraventricular balloon, and left ventricular pressure was monitored using a pressure transducer and an amplifier (San-ei Sokki, Tokyo). The volume of the water in the balloon was adjusted using a syringe connected to the side arm of the cannula to obtain left ventricular resting pressure of 6-8 mm Hg in both the newborn and adult.2 Experimental Protocol pHi was measured in the isolated single cells, and contractile function was measured in the ventricular preparation. Intracellular acidosis with normal pH, was induced by an NH4C1 prepulse technique.3 When previously added NH4+ is removed from the extracellular space, intracellular NH3 rapidly leaves the cells, leading to the dissociation of internal NH4+ into NH3 and H' and a fall in pHi.
All experiments were performed after a 60-minute period of stabilization. At 60 minutes of perfusion with a control solution, the cell or the heart was perfused with a solution containing 10 mM ammonium chloride for 10 minutes and then perfused with a control solution for an additional 10 or 20 minutes.
In some experiments, 200 ,uM SITS and/or 3 gM EIPA was added to the NH4Cl solution 5 minutes after starting the NH4Cl infusion and was continued throughout the experiment.
In additional experiments, the effect of respiratory acidosis (10 minutes) on mechanical function was studied in the presence of 200 ,uM SITS and/or 3 ,uM EIPA. SITS and/or EIPA were added to the Krebs-Henseleit solution 5 minutes before the induction of respiratory acidosis and were continued throughout the experiment.
Statistical Analysis
Results were expressed as mean±SEM. Statistical significance of difference between group means was determined using Student's t test. Percent changes were compared using a nonparametric method (Wilcoxon's rank-sum test). The probability was considered to be significant at p<0.05.5,6
Results pHi Determination
Changes in pHi during and after NH4Cl infusion in the HCO3-/C02-buffered solution are shown in Figure   1 . Upon removal of NH4Cl, pHi fell rapidly to 6.51±0.06 in the adult and to 6.47±0.05 in the newborn (n=6).
The net decrease in pHi upon removal of NH4Cl was 0.52±0.03 in the newborn, and this value was not significantly different from that in the adult (0.47 ±0.06).
After the transient depression of pH1, pH, recovered gradually toward the control level. The initial rate of recovery of pH, was 0.15±0.02 pH unit/min in the newborn, and the value was significantly greater than that in the adult (0.09±0.01 pH unit/min) in the HCO3-/C02-buffered solution.
In the presence of 3 ,uM EIPA, an inhibitor of Na+-H+ exchange,4 NH4Cl removal caused a decrease in pHi, and the recovery of pHi was minimal in the adult (Figure 2A ). In the newborn, however, pHi recovered significantly after the transient depression of pHi upon NH4Cl removal ( Figure 2B ). In additional experiments in which EIPA concentration was increased to 20 ,uM, the recovery of pH, after NH4Cl removal was similar to that shown in Figure 2 .7
In the presence of 3 ,uM EIPA and 200 ,uM SITS, an inhibitor of HCO3 -Cl exchange,3 the pHi did not recover after NH4Cl removal in the newborn (Figure 3 ). Figure 4 summarizes the data of the effects of EIPA and SITS on pHi in the newborn and adult. In the adult, pHi fell from 7.00±0.07 to 6.48±0.06 after 2 minutes of NH4Cl removal in the presence of 3 ,uM EIPA and recovered to 6.53±0.05 after 10 minutes (n=5). In the newborn, pHi fell from 7.02±0.09 to 6.51±0.08 after 2 minutes of NH4Cl removal in the presence of EIPA but recovered to 6.70±0.08 after 10 minutes (n=5). The net recovery of pHi in 10 minutes in the presence of EIPA in the newborn (0.19±0.04) was significantly greater than that in the adult (0.05±0.02). In the adult and newborn, the addition of SITS to the solution containing EIPA eliminated the recovery of pH^observed in the absence of SITS.
A. Adult myocyte Tracings showing the effects of 10 mM NH4Cl infusion and its removal on pHi in the adult (panel A) and newborn (panel B) rabbit myocyte in Krebs-Henseleit solution. In both age groups, pH, decreased transiently after NH4Cl removal and then recovered. In the newborn, the initial rate ofpHi recovery was greater than in the adult.
In the HCO3-/C02-buffered solution, it is possible that both Na+-H+ exchange and HCO3--Clexchange are functioning. Therefore, Na+-H+ exchange activity was determined in the HEPES solution that did not contain HCO3-. In the HEPES solution, the decrease in pHi after NH4Cl removal and the recovery of pHi after the initial depression were similar in the two age groups ( Figure 5 ). The rate of pH, recovery in the newborn (0.06+0.01 pH unit/min, n=5) was not significantly different from that in the adult (0.05 ±0.01, n=5). In the HEPES solution, 3 ,uM EIPA completely inhibited the recovery of pHi both in the newborn and adult ( Figure  6 ), indicating that Na+-H+ exchange activity is similar in the two age groups and that 3 ,uM EIPA is sufficient to inhibit Na+-H+ exchange both in the newborn and adult.
Mechanical Function
It was difficult to measure cell contraction accurately under the present experimental conditions because the magnitude of contraction was small during acidosis in the presence of inhibitors (EIPA and SITS). Therefore, the effect of NH4Cl removal in the presence of EIPA and SITS on mechanical function was determined in the isolated isovolumic heart preparation as described previously.2 Under control conditions, left ventricular developed pressure in the newborn (20± 3 mm Hg, n = 46) was significantly less than in the adult (79±5 mm Hg, n =43).^2 In contrast, significant pHi recovery was observed in the newborn.
Upon NH4Cl infusion, left ventricular pressure increased transiently and then decreased gradually. Upon removal of NH4Cl, left ventricular pressure decreased transiently and then increased toward the control level (Figure 7 ). In the presence of EIPA, left ventricular pressure decreased to 15+8% of control upon removal of NH4Cl, and it recovered minimally (18±4%) in the adult (n =5, Figure 8A ). In the newborn, left ventricular pressure decreased to 22+5% of control after NH4Cl removal, but it recovered significantly to 75-+±13% of control (n=5, Figure 8B ). In the presence of SITS in addition to EIPA in the solution, left ventricular pressure decreased to 18+3% of control (n=5), and the recovery of mechanical function, which was observed in the newborn in the presence of only EIPA, was eliminated ( Figure 9 ). Additional experiments were performed to further determine the physiological significance of the HCO3--Clexchange. We showed previously that the effect of respiratory acidosis on mechanical function in the newborn was less than in the adult.' To determine the role of HCO3--Clexchange in the age-related difference in the resistance to respiratory acidosis, the effects of 3 ,.M EIPA and 200 ,uM SITS on mechanical function during respiratory acidosis were studied. In the absence of inhibitors, left ventricular pressure decreased transiently and then recovered during respiratory acidosis in both age groups (Figures 10A and HA) . The negative Time (min) inotropic effect of respiratory acidosis in the newborn (left ventricular pressure, 58±2% at 1 minute and 85 ±4% at 10 minutes into acidosis, n= 12) was less than in the adult (45±1% at 1 minute and 53±2% at 10 minutes, n=9).
In the presence of EIPA, left ventricular pressure decreased to 37±2% of control during acidosis, and it did not recover significantly in the adult (Figure lOB,  n=9 ). In the newborn, however, the left ventricular pressure decreased transiently to 44±2% (n=9) but increased gradually to 68±5% of control in the presence of EIPA (Figure liB) , and the negative inotropic effect of respiratory acidosis in the presence of EIPA in the newborn was significantly less than in the adult. Net decrease in the left ventricular pressure at 10 minutes into respiratory acidosis by the presence of EIPA in the newborn (17%) was not significantly different from that in the adult (16%).
In the adult, addition of SITS to the solution containing EIPA did not alter the negative inotropy of respiratory acidosis that was observed in the presence of EIPA ( Figure 1OC ). In the newborn, however, addition of SITS to the solution containing EIPA further enhanced the negative inotropy of respiratory acidosis (Figure  liC) . In the presence of EIPA and SITS, the negative inotropic effect of respiratory acidosis in the newborn (left ventricular pressure, 40+3% of control, n=9) was not significantly different from that in the adult (34±3%, n=9).
Discussion
Acidosis decreases myocardial contractile function.8 '9 Decreases in pHi during acidosis reduce the sensitivity of myofibrils to calcium and alter the function of the sarcoplasmic reticulum that regulates [Ca]i.10-12 pHi is regulated by several mechanisms including Na+-H+ exchange and sodium-dependent and sodium-indepen- In the newborn, pHi fell after NH4Cl removal but recovered significantly even in the presence ofEIPA. In the newborn, the net recovery ofpHi in 10 minutes in thepresence ofEIPA was significantly greater than that in the adult. In the newborn, addition of SITS to the solution containing EIPA eliminated the recovery ofpHi, which was observed in the presence of only EIPA.
-5. 9 . A . * . . 1 8 10 12 14 16 18 20 22 inme (min) dent ClW-HCO3exchange.3 The greater activity of proton extrusion systems would result in the greater resistance of the myocardium to acidosis. Our earlier studies showed that the effect of acidosis on contractile function in the premature myocardium was less than in the mature myocardium and the greater resistance of the premature myocardium to acidosis was due to the smaller change of pHi.12 The present study was designed to clarify the mechanism of the age-related difference in the pHi regulation.
Previous studies performed in the mature myocardium have shown that the recovery of pHi after NH4Cl removal is inhibited by amiloride and its analogues, Na+-H+ exchange inhibitors, suggesting that the proton extrusion is in most part dependent on Na+-H+ exchange.13,14 Vaughan-Jones15 and van Heel et al16 sug-gested that in the adult sheep Purkinje fibers HCO3--Cl-exchange does not play a significant role in acid extrusion from the cell during acidosis. Gonzalez and Clancy17 showed similar data in the adult rabbit heart.
In agreement with these studies, in the presence of EIPA in the HCO3-/C02 buffer, the recovery of pHi was inhibited almost completely in the adult ( Figure 4A ).
Thus, it is likely that in the adult rabbit myocardium pHi is regulated mainly by Na+-H+ exchange and not by HCO3--Cl-exchange.
In the present study, the rate of recovery of pHi after the initial depression following NH4Cl removal was similar in the newborn and adult in the absence of HCO3 . Furthermore, the recovery of pHi was completely inhibited by EIPA in the HEPES buffer. This suggests that in the absence of HCO3 Na+-H+ exchange is the main mechanism of acid extrusion both in the newborn and adult and that the activity of Na+-H+ exchange is similar in the two age groups.
In the present study, the rate of recovery of pHi after the initial depression in the newborn was greater than that in the adult in the HCO3-/C02 buffer. The difference in the data obtained in the HCO3-/C02 buffer and that obtained in the HEPES buffer suggests that activity of the HCO3--dependent mechanism may be greater in 7.5r m CL the newborn. Furthermore, significant recovery of pH, was observed in the newborn even after Na+-H+ exchange was inhibited by EIPA and the recovery was finally inhibited by SITS ( Figure 4B ). These data suggest that the activity of the HCO3--dependent mechanism of acid extrusion is greater in the newborn than in the adult. In agreement with the newborn rabbit data, Liu et a118 showed that in the cultured chick heart cells both Na+-H+ exchange and HCO3--Clexchange are important mechanisms for pHi regulation. Thus, there may be a species-related and/or age-related differences in the activity of HCO3--Clexchange.
One may argue that the sensitivity of the Na+-H+ exchanger to EIPA is less in the newborn and that Na+-H+ exchange may not have been inhibited completely in this age group. This possibility is unlikely for the following reasons. First, in the presence of higher concentrations of EIPA (20 ,M), similar recovery of pHi was still observed in the newborn (data not shown).
Second, the EIPA concentration used in the present study (3 ,uM) was much higher than the half-maximal inhibitory concentration (IC50) for Na+-H+ exchange (0.4-0.05 ,uM).'9 Third, even in the newborn, complete inhibition of the recovery of pHi by 3 ,uM EIPA was observed in the HEPES buffer ( Figure 6 ), suggesting that 3 ,uM EIPA was sufficient to inhibit Na+-H+ exchange in the newborn. Fourth, the recovery of pHi observed in the presence of EIPA in the newborn was inhibited completely by SITS, a HCO3--Clexchange inhibitor (Figure 4) . These data suggest the presence of HCO3--Clexchanger in the newborn myocardium in addition to the Na+-H+ exchanger. Physiological significance of the presence of HC03--Clexchanger in the myocardium has not been studied previously. In the present study, left ventricular contraction did not recover after NH4Cl removal when Na+-H+ exchange is inhibited in the adult. Imai et a120 showed similar findings in the adult rat preparation. These findings are in agreement with the hypothesis that pHi is regulated mainly by Na+-H+ exchange in the adult. In contrast to these adult data, significant recovery of left ventricular contraction was observed after NH4Cl removal even in the presence of EIPA in the newborn (Figure 8 ). Furthermore, this recovery of contractile function was inhibited by SITS ( Figure 9 ). Therefore, it is likely that the significant recovery of mechanical function after NH4Cl removal in the presence of EIPA was due to the greater activity of HCO3--Clexchange in the newborn. These data suggest that HCO3--Clexchange indeed plays an important role in the recovery from acidosis, especially when Na+-H+ exchange is inhibited.
It has been shown that amiloride derivatives inhibit Na+-Ca2' exchange and calcium channels. 19 One may argue that EIPA reduced calcium influx through these pathways and inhibited recovery of mechanical function during acidosis in the adult (Figure 8 ). This possibility is unlikely, however, because 20 ,uM EIPA did not change the magnitude of the calcium transient significantly in the adult rabbit myocyte.7 Furthermore, the EIPA concentration used in the present study (3 ,uM) was much less than the IC50 for Na+-Ca2' exchange and calcium current uM, Reference 19) .
To further determine the physiological significance of the HCO3--Cl-exchange, the role of HCO3--Clexchange in the maintenance of contractile function during respiratory acidosis was studied. In the adult, Na+-H+ exchange inhibition decreased the recovery of mechanical function during respiratory acidosis, but HCO3--Clexchange inhibition did not further change the recovery of mechanical function (Figure 10 ). The finding is consistent with the hypothesis that regulation of pH, by exchange is not major in the adult. In the newborn, Na+-H+ exchange inhibition decreased the recovery of mechanical function ( Figures 11A and liB) , but the net decrease (17%) was similar to that observed in the adult (16%). This suggests that the contribution of Na+-H+ exchange to the maintenance of mechanical function during acidosis was similar in the two age groups. In the newborn, in contrast to the data in the adult, HCO3--Clexchange inhibition further decreased the mechanical function during respiratory acidosis (Figure liC ). This suggests that HCO3--Cl-exchange is important to maintain mechanical function during acidosis.
Although mechanical function recovered toward the control level following a transient depression after Figure 10A ). In the presence ofEIPA (panel B), the negative inotropic effect ofrespiratory acidosis was significantly greater than in the absence of drugs, but the net increase in the negative inotropic effect of respiratory acidosis caused by EIPA was similar in the two age groups. In the newborn, addition of SITS to the solution containing EIPA (panel C) further increased the negative inotropic effect of respiratory acidosis. In the presence ofEIPA and SITS, the negative inotropic effect of respiratory acidosis in the newborn was not significantly different from that in the adult.
NH4Cl removal (Figure 7) , mechanical function remained depressed during respiratory acidosis in the adult (Figure l0A ). One may argue that the absence of a preceding metabolic alkalosis in respiratory acidosis may explain the lack of recovery of mechanical function during respiratory acidosis in the adult. In a preliminary study, the adult heart was perfused with a Krebs-Henseleit solution containing 10 mM NH4Cl gassed with 95% 02-5% CO2 for 10 minutes and then perfused with a respiratory acidosis solution that did not contain NH4Cl. During respiratory acidosis, left ventricular pressure decreased to 30+2% at 1 minute and recovered to 39+2% at 10 minutes (n=3). The net recovery of mechanical function during respiratory acidosis in the presence of a preceding metabolic alkalosis was minimal (9%) and was not significantly different from that in the absence of a preceding metabolic alkalosis (8%). Thus, it is unlikely that a preceding metabolic alkalosis alters pH homeostasis during subsequent acidosis and causes recovery of mechanical function during acidosis. Solaro et a121 showed that the negative inotropic effect of respiratory acidosis in the rat premature myocardium was less than that in the mature myocardium. They attributed the age-related difference in the resistance to acidosis to the decreased sensitivity of contractile protein ATPase to low pH in the premature myocardium. In the present study, when both Na+-H+ exchange and HCO3--Clexchange were inhibited, contractile function during acidosis in the newborn (40% of control) was similar to that in the adult (34% of control) ( Figures 10C and liC) . These data suggest the greater resistance of the premature myocardium to acidosis is at least in part explained by the presence of HCO3--Clexchanger in this age group.
The present study did not clarify the characteristics of the HCO3--dependent mechanism present in the newborn myocardium, including the sodium dependence, chloride dependence, and pH dependence of this system. Indeed, HCO3--dependent mechanisms other than HCO3--Cl-exchange, such as SITS-sensitive Na+ / HCO3 cotransport,22 may exist in the newborn and that may explain the rapid decline of pHi during superfusion of NH4Cl in the presence of EIPA and SITS in the newborn (Figure 3 ). Further studies to delineate the characteristics of the HCO3--dependent mechanisms should be performed.
In conclusion, the present study showed that although there are no developmental changes in the Na+-H+ exchange activity, the HCO3--dependent mechanism of acid extrusion is more active in the premature myocardium. The presence of the HCO3-dependent mechanism is important in maintaining myocardial contractile function during acidosis, especially when Na+-H+ exchange is inhibited, and partly explains the greater resistance of the premature myocardium to acidosis. 
